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that is now accepted, although only a few years ago itThe Telencephalon Saved by TLC
seemed paradoxical. That is, blocking the patterning
activity of a signaling molecule, thereby “protecting” the
fate of a particular tissue, is as important in patterning
as is positive induction. Classic observations in XenopusThe telencephalon is one of the most complex parts
indicated that neural tissue itself is not positively in-of the brain, and its patterning is still poorly under-
duced but rescued from an epidermal fate by the antago-stood. In this issue of Neuron, Houart et al. (2002)
nism of bone morphogenetic protein (Bmp) signalingdescribe a novel Wnt antagonist Tlc, a member of the
(reviewed in Weinstein and Hemmati-Brivanlou, 1997).secreted Frizzled-related protein (sFrp) family. Se-
These Bmp antagonists are derived from Spemann’screted from the anterior boundary of the zebrafish
organizer, the dorsal blastopore lip of the gastrulatingneural plate, Tlc appears to protect the telencephalon
Xenopus embryo. A further example of this principle isfrom obliteration by a more caudal neural Wnt signal.
the interaction of Wnt and Wnt inhibitory proteins in the
formation of the head. The head is not induced by aWingless-Int (Wnt) signaling is involved in patterning
Wnt signal, but rescued from Wnt signaling by extracel-from the start of vertebrate embryogenesis. First, the
lular Wnt inhibitory proteins such as Dickkopf (Dkk),canonical Wnt transduction pathway is implicated in
Frzb, and Cerberus (Kiecker and Niehrs, 2001).establishing the Nieuwkoop center in Xenopus and,
Wnt signaling appears to play a more positive role inthus, in forming the dorsal axis of the embryo (reviewed
the anterior-posterior (AP) patterning of the neural plate.in Moon and Kimelman, 1998). Second, in Xenopus,
Neural tissue as first induced has long been thought toXwnt8 is involved in the formation of ventral mesoderm.
have a default anterior fate (Weinstein and Hemmati-As the embryo continues to develop, Wnt signaling con-
Brivanlou, 1997). In Xenopus, a Wnt signal gradient care-trols cell-type identity in diverse tissues and species
fully controlled by Wnt antagonists seems to play a large(see http://www.stanford.edu/rnusse/wntwindow.
part in imposing graded posterior fates on an initiallyhtml). However, a specification role has not consistently
anterior neural plate (Kiecker and Niehrs, 2001). Suchemerged in the later embryonic nervous system. The
a neural posteriorizing role of Wnt signaling has alsobulk of the evidence has suggested that Wnt signaling
received recent support in chick (Nordstrom et al., 2002).regulates tissue growth rather than informing cells what
Nonetheless, the fate of a major part of the neural plate–kind of tissue to become. Cells proliferate when ele-
the presumptive forebrain–requires protection from pos-ments of the canonical Wnt signaling pathway are mis-
teriorizing factors. The source of protection appears toexpressed in the mouse neural tube (Megason and
be the prechordal mesendoderm in Xenopus derivedMcMahon, 2002). Wnt3a is required for development of
from the most anterior portion of the organizer, the lead-the hippocampus, but most likely by promoting hippo-
ing edge of the dorsal blastopore lip (Kiecker and Niehrs,
campal cell proliferation rather than specifying cell fate
2001).
(Ragsdale and Grove, 2001). To date, only in the neural
Following development of the basic AP axis, the pat-
crest and dorsal spinal cord is Wnt signaling implicated tern of the nervous system is increasingly refined to
in cell type specification (Dorsky et al., 2000; Muroyama produce the extreme complexity of the adult brain. This
et al., 2002). What about the interval between these two refinement is achieved in part by secondary signaling
stages, early gastrulation and the relatively late pat- sources that arise within the neural tube (Ohkubo et al.,
terning of the neural tube? The importance of Wnt signal- 2002; Ragsdale and Grove, 2001). What role may Wnt
ing to neural regional specification during this period is signaling play at this stage? Wnt8b is expressed within
becoming clearer in a series of major studies. the zebrafish nervous system just posterior to the pro-
In this issue of Neuron, Houart et al. (2002) indicate spective telencephalon. Wilson and colleagues now
a critical role for Wnt signaling in specifying the telen- supply evidence that this diencephalic Wnt8b and per-
cephalon. The telencephalon is both one of the most haps other Wnts compose a posteriorizing signal, which,
structurally and functionally complex parts of the brain if it were allowed to spread through the anterior brain,
and one of the least well understood in terms of its would wipe out telencephalic identity. Previous studies
induction and internal patterning. It was previously sug- of zebrafish mutants masterblind (mbl) and headless,
gested that a secreted factor from the anterior neural defective respectively in the Wnt repressors axin and
ridge (ANR) in chick and mouse, possibly fibroblast Tcf3, show transformation of the telencephalon to a
growth factor (Fgf) 8, induces the telencephalon to de- more posterior fate (reviewed in Kiecker and Niehrs,
velop (Shimamura and Rubenstein, 1997). In the present 2001). Now, Houart, Wilson, and colleagues identify a
paper, Houart et al. (2002) provide evidence to suggest novel member of the Wnt antagonist sFrp family that is
that in zebrafish, telencephalic identity is not induced a strong candidate to be an endogenous guardian of
by a positive signal, but by rescue from Wnt signaling the telencephalon. The novel gene Tlc, which encodes
by the action of a Wnt signaling inhibitor. The source of this guardian protein, is related to mammalian sFrp1
this inhibitory secreted molecule, a novel sFrp, is the and sFrp5 and was found by a directed search for genes
anterior boundary of the neural plate (ANB)–a tissue expressed in the ANB.
comparable to the ANR in mouse and chick. When the ANB is ablated, characteristic telencephalic
gene expression fails to appear, and cells subsequentlyThis report is in line with an insight into development
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die, effects also seen in explants of mouse neural plate ing a minute telencephalon (Bachiller et al., 2000). As
when the ANR (ANB equivalent) is removed (Shimamura expected, loss of Bmp2b activity in the swirl zebrafish
and Rubenstein, 1997). If on the other hand, the ANB is mutant leads to an expanded forebrain, presumably due
moved to a posterior position in the zebrafish neural to an early increase in the overall amount of ectoderm
plate, a gene expression marker of the midbrain is down- converted to neural tissue. However, surprisingly, within
regulated, and markers of the telencephalon are upregu- the expanded forebrain of swirl, the telencephalon itself
lated. Houart et al. (2002) show that exogenous Tlc mim- is reduced or absent (reviewed in Houart et al., 2002).
ics each of these effects. Conversely, transplanting These observations previously led Wilson and his col-
Wnt1- or Wnt8-expressing cells into the ANR, perhaps leagues to the hypothesis that the telencephalon is es-
sequestering endogenous Tlc, reduces the telencepha- tablished between certain threshold levels of Bmp sig-
lon but expands the domain of expression of a midbrain nal. Too much Bmp signal reduces the telencephalon,
marker. Injecting antisense morpholinos against tlc se- but so does too little. Now, they explore this hypothesis
quence disrupts Tlc function more directly. The elegant further by examining the relation between Bmp signal
result is a progressive reduction of telencephalic mark- levels and Tlc expression and activity.
ers with increasing levels of tlc morpholinos. Interest- Grafting Noggin-expressing cells at the margin of the
ingly, telencephalic development recovers later in devel- neural plate induces tlc ectopically only at a distance.
opment, suggesting either that the morpholinos failed This distant tissue would normally have developed as
to block Tlc function completely or that further endoge- nonneural ectoderm, presumably expressing too much
nous guardian molecules remain to be identified. Given Bmp to become the tlc-expressing ANB. Close to the
the superabundance of antagonist molecules in the Noggin source, where Bmp levels are too low, tlc expres-
trunk and head organizers that promote and pattern the sion is inhibited. Finally, to support a direct relation
neural plate, the latter explanation seems highly likely. between Bmp signaling and Tlc, the authors test the
What is the endogenous Wnt signal from which the idea that Bmp-deficient embryos lack a telencephalon
zebrafish telencephalon must be protected at all costs? because of the loss of Tlc function. Telencephalic mark-
As noted, a strong candidate is Wnt8b expressed in ers are restored in embryos with reduced Bmp activity
the caudal diencephalon. Supporting this idea, when by grafts of Tlc-expressing cells. Thus, too much or too
morpholinos to Wnt8b are injected, telencephalic gene little Bmp may misposition or weaken the guardian Tlc
expression is expanded in wild-type zebrafish and re- source so that the telencephalon is partly or completely
stored in mbl homozygote mutants. An alternative candi- lost. The authors conclude that Tlc promotes telence-
date, however, is a Wnt8 source present in early zebra- phalic identity, and its expression is regulated by Wnt
fish gastrulation, as it is in Xenopus. When levels of and Bmp signals that are also involved in establishing
Wnt8 are raised or lowered, zebrafish show smaller or early embryonic patterning.
larger heads with corresponding changes in the fore- Among the important questions for the future–implicit
brain (reviewed in Houart et al., 2002). In embryos lacking here–is the extent to which the zebrafish becomes a
Nodal signaling, for example, Wnt8 is reduced, tlc ex- model species for understanding patterning of the verte-
pression is expanded in the anterior neural plate, and brate telencephalon. There is a critical need to know
diencephalic Wnt8b is reduced. Introducing Wnt8 or Dkk more about the anatomical divisions of the mature ze-
morphlinos early in embryogenesis has consistent and brafish telencephalon and how these correspond to
complementary effects on tlc and Wnt8b expression. analogous structures in other model species, as well to
Could Wnt8 in involuting mesendoderm early in gastrula- identify more gene expression features that are distinc-
tion be the crucial inhibitor of telencephalic develop- tive of these divisions in development. A simple question
ment? The authors argue against this. They prefer a for now is whether Houart et al.’s findings generalize.
model in which early patterning sources influence the In other vertebrates, do Wnt inhibitors in the ANR antag-
formation of later sources in a cascade that leads to
onize a caudal forebrain Wnt signal to preserve the telen-
the final complex brain. In partial support, they cite the
cephalon? If so, one prediction might be that the ventral
distance between the prospective telencephalon and
telencephalon–basal ganglia, amygala, and basal fore-the early source of Wnt8 as an impediment to a direct
brain in other species–needs the strongest inhibitoryeffect. Other alternative sources may be closer, how-
signal, given that ventral telencephalon is more anteriorever, including an endogenous AP gradient of Wnt signal
in the chick neural plate fate map (Fernandez et al.,in the early neural plate proposed in Xenopus by Kiecker
1998). By contrast, a weaker signal should promote theand Niehrs (2001). Nonetheless, in compelling support
dorsal telencephalon (pallium), derived from more pos-for their model, Houart et al. (2000) show that the mbl
terior cells.mutant telencephalon is significantly restored when the
Meanwhile, the findings of Houart et al. (2002) supportdiencephalic source of Wnt8b is ablated or disrupted
the significance of local patterning centers in promotingby Tlc-expressing cells. Thus, an important Wnt signal
development of the telencephalon and establishing itssource appears relatively late and is localized in the
complex patterning. Several such patterning centerscaudal forebrain.
have been identified, both in and near the anterior neuralWhat is the connection between the new results of
plate and tube (Ohkubo et al., 2002). These signalingWilson and colleages and previous observations that
centers are now under intense study by groups focusinginhibition of Bmp signaling is also required for the devel-
on a variety of vertebrate species. In the near future,opment of the forebrain? Here the story becomes more
therefore, some mysteries regarding the developmentcomplex. Mice doubly mutant for the Bmp antagonists
and species diversity of the telencephalon should beNoggin and Chordin, which therefore have an excessive
Bmp signal, show a severely reduced forebrain, includ- resolved.
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